This study experimentally investigated the instability of flow impingement in a cerebral aneurysm, which was speculated to promote the degradation of aneurysmal wall. A patient-specific, full-scale and elastic-wall replica of cerebral artery was fabricated from transparent silicone rubber. The geometry of the aneurysm corresponded to that found at 9 days before rupture. The flow in a replica was analysed by quantitative flow visualization (stereoscopic particle image velocimetry) in a three-dimensional, high-resolution and time-resolved manner. The mid-systolic and late-diastolic flows with a Reynolds number of 450 and 230 were compared. The temporal and spatial variations of near-wall velocity at flow impingement delineated its inherent instability at a low Reynolds number. Wall shear stress (WSS) at that site exhibited a combination of temporal fluctuation and spatial divergence. The frequency range of fluctuation was found to exceed significantly that of the heart rate. The high-frequency-fluctuating WSS appeared only during mid-systole and disappeared during late diastole. These results suggested that the flow impingement induced a transition from a laminar regime. This study demonstrated that the hydrodynamic instability of shear layer could not be neglected even at a low Reynolds number. No assumption was found to justify treating the aneurysmal haemodynamics as a fully viscous laminar flow.
Introduction
Intracranial aneurysm is a pathological lesion of cerebral artery that bulges outwards like a balloon owing to wall weakening. The most serious consequence of aneurysm is its rupture and intracranial haemorrhage, leading to a high mortality rate of 45 per cent [1] . The number of patients harbouring unruptured aneurysms is estimated to reach 3.6-6.0% of the population [2] . According to an international study of unruptured aneurysms, excluding giant aneurysms, less than 1% of aneurysms rupture per year [3] . Nonetheless, most ruptured aneurysms are found to be less than 10 mm diameter [4] . The increasing availability and improved sensitivity of non-invasive imaging techniques enable detection of small, unruptured aneurysms. Aneurysmal treatments, such as neurosurgical clipping or endovascular embolization, have an inevitable risk [3] . Therefore, the therapeutic strategy of unruptured aneurysms is determined by balancing the risks of follow-up and surgical intervention.
Aneurysmal haemodynamics is widely expected to give the potential to predict which aneurysms are doomed to rupture. Using surgically produced aneurysmal models, Ujiie et al. [5] show that inflow impingements with an aspect ratio over 1.6 lead to a secondary circulation. The aspect ratio is statistically proved as a predictor of the rupture risk of human aneurysms [6] . In the last decade, a number of researchers retrospectively studied ruptured and unruptured aneurysms on a patient-specific basis for differentiating the haemodynamics to promote aneurysmal growth and rupture [7] [8] [9] [10] [11] [12] [13] [14] . Yet, the mechanism remains controversial, and two schools of thought still prevail, namely high-flow and low-flow effects, which assume different theories for describing the relationship between the haemodynamics and wall degradation [15] . The high-flow theory emphasizes elevated wall shear stress (WSS) leading to endothelial injuries, whereas the low-flow theory supports blood stagnation causing the dysfunction of flow-induced nitric oxide in endothelial cells.
Cebral et al. [16] showed that ruptured aneurysms are more likely to exhibit focal impinging jets using computational fluid dynamics (CFD) with 25 ruptured and 34 unruptured cases. Meng et al. [17] surgically created a new branch in the carotid artery of an adult dog and found that destructive remodelling, which resembles aneurysm initiation such as the disruption of internal elastic lamina and the loss of medial smooth muscle cells, appears in the adjacent region of flow impingement at the apex, which corresponds to the site exposed to a greater WSS magnitude and gradient.
The genesis of aneurysm is widely believed to be associated with abnormal haemodynamics. The degeneration of arterial wall leads to loss of mechanical strength and dilation because of exposure to blood pressure. The remodelling of aneurysmal wall into a balloon-like shape proceeds over a long period of time, whereas the intra-aneurysmal flow is reorganized to exhibit site-dependent haemodynamics. The neck, side wall and dome of the aneurysm are often exposed to different types of haemodynamics. If the local haemodynamics turns out to be favourable, then the wall lesion may be regenerated, thickened and stabilized. If the haemodynamics become malignant over time, then the wall lesion will not regenerate much and will increasingly degenerate because of the dominancy of destructive wall remodelling over healing.
Over the past decades, the advent of CFD in neurosurgery undoubtedly contributes to the progress of aneurysmal haemodynamics on a patient-specific basis. As an a priori assumption, however, the majority of studies regard the flow as a fully viscous, i.e. laminar, stream enclosed by a solid boundary. The laminar flow herein indicates that the flow is periodic, but stable, meaning that the frequency of velocity oscillation is within the range of frequency of the periodic motion. Aneurysmal jets and their impingements regions often observed in ruptured cases motivated us to investigate that the flows induced a transition from a laminar regime. The critical Reynolds number of a free laminar jet (Re c,jet ) is of the order of 500 [18, 19] , which is markedly lower than a commonly cited value, Re c,pipe ¼ 2300, in a stationary pipe flow. The critical Reynolds number of a free laminar jet is comparable to the bulk Reynolds number of major cerebral arteries, suggesting that aneurysmal jets and their impingements may exhibit transitional behaviours. Once transition is induced, an instantaneous velocity profile appears to be fluctuating with a frequency range exceeding that of the heart rate. Aneurysmal jets and their impingements were hypothesized to yield a high-frequency fluctuating WSS by inducing a transition from a laminar regime.
For verification, a three-dimensional, high-resolution and time-resolved experimental measurement technique is required, which has to be capable of resolving boundary layers for associating aneurysmal jets and their impingements with WSS. Owing to the lack of proper techniques, recent studies are heavily dependent on the results of CFD alone. Only a few studies compare the CFD results with experimental data [20, 21] . Experimental techniques, however, are limited to the two-dimensional, which cannot measure the WSS of aneurysm. The validation of WSS despite its paramount interest has been poorly performed due to lack of proper measurement.
This study developed an advanced three-dimensional laser flow diagnostic technique, fluorescent scanning stereoscopic particle image velocimetry (FS-SPIV) [22, 23] , to investigate the near-wall dynamics of aneurysmal jets and their impingements with a spatial resolution of an order of 100 mm and a temporal resolution of 500 Hz. This is an experimental benchmark study using an elastic replica of cerebral artery. Owing to the lack of the similarity law in fluidstructure interactive flows, flow measurements in a replica have to be performed with full-scale geometry. This requirement placed a significant burden on the spatial resolution of measurement for resolving near-wall flows in boundary layers. This study for the first time experimentally demonstrated transition from a laminar regime in cerebral aneurysm haemodynamics using a patient-specific, full-scale and elastic-wall replica of cerebral artery.
Experimental methods

Aneurysmal replica
A patient-specific, full-scale and elastic-wall replica of a ruptured aneurysm (63-year-old female) was produced using rapid prototyping techniques (stereolithography, wax moulding and silicone rubber coating) based on arterial geometry acquired at 9 days before rupture (figure 1). The patient did not have multiple aneurysms and there was no record of subarachnoid haemorrhage. The arterial geometry was reconstructed from computed tomography (CT) images. One hundred and seventy-five CT images (in-plane resolution: 0.29 mm per pixel) with a slice increment of 0.60 mm reconstructed the inner geometry of artery (Mimics; Materialize, Leuven, Belgium). The size of the neck was 4.3 mm and the Figure 1 . Patient-specific replica of human cerebral aneurysm. The inner geometry of replica corresponded to an actual aneurysm found at 9 days before rupture. The replica was fabricated in a full scale using transparent silicone rubber. IC, MC, AC and PC denote the internal carotid, middle cerebral, anterior cerebral, and posterior communicating arteries, respectively. rsif.royalsocietypublishing.org J R Soc Interface 10: 20121031 aspect ratio was 1.1. The mechanical property of the replica was adjusted by the wall thickness and elastic modulus of transparent silicone rubber (KE-1603; Shin-Etsu Chemical, Tokyo, Japan). The wall thickness (t) measured by a micro-CT (TDM1300-IS; Yamato Scientific, Tokyo, Japan) was 1.0 + 0.3 mm (mean + s.d.). Micro-CT scanning confirmed a smooth surface of the inner lumen of the model over the entire volume. The elastic modulus of silicone rubber was 0.96 + 0.115 MPa at room temperature, following the Japan Industrial Standards (JIS K6251) using a tensile testing machine (AG-X; Shimadzu, Kyoto, Japan). The wall compliance of the replica was evaluated by incremental distensibility, I ¼ DV/ VDP (V, volume; P, pressure; I ¼ 1.36 Â 10 23 mm Hg 21 at 100 mmHg pressure), comparable to that of the internal carotid (IC) artery of healthy adults at the age of 50 [24] . The replica included IC, middle cerebral (MC), anterior cerebral (AC) and posterior communicating (PC) arteries. The aneurysm was located at the IC-PC branch. The trifurcated replica was supported by a special rig shaped by rapid prototyping to follow the patient-specific geometry of cerebral artery (figure 1). The replica gave a patient-specific geometry of IC to cover the upstream of the carotid siphon and those of MC, AC and PC to their first principal curvature, and further downstream was given by simply extending the cross section of each artery.
In vitro cerebral circulation
A physiological cerebral circulation was reproduced using a standard flow rate and pressure waveform (figure 2). The flow rate and pressure were monitored by electromagnetic flow meters (MFV-2100; Nihon Kohden, Tokyo, Japan) and pressure transducers (UK-801; Baxter, Irvine, CA, USA). The systemic circulation was driven by a pneumatically controlled pulsatile pump [22] . A heart rate was set to be 70 beats per minute. The systemic and cerebral loop obeyed a Windkessel circuit. All compliant components were given by laboratory-made silicone rubber tubes, except for an airfilled compliance tank in the cerebral circulation. The IC flow rate was set to give mean and peak values of 330 and 480 ml min 21 , respectively (figure 2), where the mid-systolic and late-diastolic Reynolds numbers were 450 and 230, respectively, and the Wormersley number was 3.2. The diameter of the IC inlet (5.0 mm) was used for computation. An entrance length of 500 mm was placed at the inlet of the IC. The ratio of the mean PCF, ACF and MCF was set to be 1 : 5 : 12, which approximately corresponds to those of healthy adults [25] . A parametric study included a change in the mean PCF from 0 to 55 ml min 21 while maintaining the same ICF, leading us to confirm that the inflow structure including the location of flow impingement was unchanged. Excellent repeatability of flow waveforms was ensured, and the cycleto-cycle variations were confirmed to be virtually negligible (figure 2). The working fluid consisted of glycerin and water with a bulk mass ratio of 3 : 2. This fluid is known to show a Newtonian behaviour, and the density and viscosity were 1160 kg m 23 and 5.3 mPa . s at 378C, respectively. Human blood behaves as a non-Newtonian shear-thinning fluid, but this behaviour is only at a shear rate of less than 200 s 21 [26] . The present shear rate was of the order of 500 s 21 minimum. This observation justified disregarding the nonNewtonian nature of blood. The working fluid was maintained at 378C, and the refractive index was adjusted to 1.4096 + 0.002 at a 532 nm wavelength, which ensured nearly perfect matching of the refractive index with that of silicone rubber [27] . This liquid is hereinafter referred to as index-matching liquid.
Fluorescent scanning stereoscopic particle image velocimetry
FS-SPIV is a multiplane scanning SPIV measurement using fluorescent seeding particles in refractive index-matching environments ( figure 3 ). Technical details of SPIV can be found elsewhere [28] . The validation of FS-SPIV has been performed previously in cardiovascular applications, such as ventricular assist devices and prosthetic heart valves, with the aid of laser Doppler velocimetry (LDV) and two-dimensional particle image velocimetry [22, 23] .
The optical components of FS-SPIV consist of a highrepetition pulsed laser and a pair of high-speed cameras Figure 3 . Schematic of a fluorescent scanning stereoscopic particle image velocimetry system (a, top view; b, side view). The replica of cerebral aneurysm was immersed into refractive-index matching liquid, and the position of replica was precisely controlled using translational and rotational stages with the four degrees of freedom. Photograph (c) shows scattering light (green) and fluorescence (orange) from an exciting laser light and seeding particles, respectively. The fluorescence was selectively acquired by blocking the scattering light using an optical filter. Fluorescent images (d ) visualized near-wall particles, whereas non-fluorescent images (e) failed to visualize the particles due to wall-reflective lights.
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(figure 3). The laser was a diode-pumped solid-state neodymium-doped yttrium lithium fluoride (Nd : YLF) laser (DS20-527; Photonics Industries, Bohemia, NY, USA), which has a capability of emitting a nanosecond pulse with a wavelength of 527 nm and energy of 8 mJ at a repetition rate of 1 kHz. A double-pulsed mode, which splits a single laser pulse into twin pulses with a desired time interval, is able to adjust particle displacements between a pair of successive images. A thin laser light sheet is achieved by using a beam expander and a series of optical lenses. The thickness of the laser light sheet (t L ) measured by a laser beam profiler (SPIR-ICON SP620U; Ophir-Spiricon, Logan, UT, USA) was confirmed to be within 100 + 20 mm. A high-speed camera (Fastcam1024; Photoron, Tokyo, Japan) was equipped with a complementary metal-oxide semiconductor sensor with a format of 1024 Â 1024 pixels. A function generator controlled synchronization of the laser and cameras. Image acquisition was performed and 15 pairs of successive particle images were recorded by setting a 30 ms time period during midsystole and late diastole independently, which was repeated over 10 pulsatile cycles. This setting allowed us to measure the time-resolved profiles of instantaneous velocity variations at a sampling frequency of 500 Hz, and the total number of 150 velocity vectors was obtained at each scanning plane in a phase-locked manner.
A pair of cameras were angled at 308 in the normal direction to the laser light sheet (figure 3a). The lens of the camera had a focal distance of 85 mm, and an attached bellows enabled particle images to be acquired at a magnification of 11.8 mm per pixel. The camera sensor was slightly tilted to the lens to meet the Scheimpflug configuration [28] . A lens aperture of f/16 was used to ensure sufficient depthof-field. Seeding particles were fluorescent particles (Fluostar; EBM, Tokyo, Japan). The mean diameter and density of particles were 15 mm and 1100 kg m 23 , respectively. The particles contained rhodamine B, a fluorescent dye, emitting orange fluorescence when illuminated by a green laser light ( figure 3 ). An optical filter with a cut-off wavelength of 550 nm (CVI Melles Griot, NM, USA) allowed us to acquire fluorescent lights selectively by eliminating undesired scattering lights from the wall of the replica. The seeding particles ensured there was sufficient fluorescent light intensity against the lens aperture of f/16. In situ calibration was carried out in the indexmatching liquid (figure 3). Matching the refractive index of the liquid with that of silicone rubber minimized optical distortion owing to wall curvature, allowing us to perform the calibration outside the replica [27] . A calibration plate showed numerous dots, which were 62.5 mm in diameter with an interval of 125 mm. A single-image camera calibration was performed using a Tsai pinhole model [29] . The centre of the dot was determined by pattern matching, with an uncertainty of 0.1 pixels. The Tsai camera model calculated the camera angle and position in situ [30, 31] . All particle images were back-projected (dewarped) into physical coordinates in pixel units. Image dewarping was able to correct varying magnifications in the field of view, ensuring a spatially coinciding interrogation volume from both viewing directions. Moreover, image dewarping was able to verify the accuracy of calibration and compensate possible errors associated with the misalignment of laser light sheet to the target plate. After iterative compensations, the optical misalignment was confirmed to be less than a few micrometres even at the edge of the image.
A pair of velocity vectors were calculated using an adaptive cross-correlation scheme, including sub-pixel shifting and window deformation. The final interrogation size was reduced to 8 Â 8 pixels with 50 per cent overlap. A pair of velocity vectors obtained from the left and right cameras were combined to reconstruct three-component velocity vectors. All SPIV processing described earlier was performed using commercial software (VidPIV4.6XP v. 5; Intelligent Laser Application, Jú´lich, Germany). The in-plane spatial resolution was 94 Â 94 mm 2 with an interval of 47 mm. The total 41 planes were scanned with a 150 mm pitch to cover the whole volume of the aneurysm. The accuracy of plane positioning was confirmed to be less than 10 mm. The following formulae were used to calculate phase-locked mean velocity (MEAN or U), fluctuating velocity (u 0 , v 0 and w 0 ) and turbulent kinetic energy (TKE or k),
where U is an instantaneous velocity magnitude, and u, v and w are its three-component vectors. The bar and prime represent the phase-locked mean and fluctuating components, respectively. N denotes the total number of velocity sampling (N ¼ 150).
Wall shear stress calculation
The inner geometry of the replica was reconstructed in situ using particle images (figure 4). Three hundred particle images during a time period of 30 ms (see §2.3) were overlapped, allowing us to determine the wall location. An associated uncertainty at the mid-plane of the aneurysm was found to be a few pixels, corresponding to approximately 30 mm (+15 mm). The scheme of reconstruction implicitly assumed that the wall motion and deformation was pseudostationary at the same time phase in every pulsatile cycle. The wall location was microscopically investigated, confirming that in-phase wall displacements and cycle-to-cycle variations fell within the range of the above uncertainty. All images were dewarped to physical coordinates. The dewarped images were able to define an identical coordinate system between the measured velocity and reconstructed geometry. A set of images were imported to volume-rendering software (MIMICS; Materialise) to reconstruct the three-dimensional geometry. Then, the geometry was meshed by commercial software (ICEM; ANSYS, Canonsburg, PA, USA). The phase-locked mean velocity and turbulent kinetic energy measured at each scanning plane were interpolated into a meshed geometry. The interrogation volume was aligned in a Cartesian coordinate (X c , Y c , Z c ). The wall-nearest vector was overlapped with aneurysmal wall. Wall overlapping caused measurement errors (figure 5), which were not only due to the lack of seeding particles (random error), but also due to the wrong allocation of velocity vector (bias error). Herein, the contaminated velocity was simply excluded (figure 5). Assuming the interrogation volume as rectangular rsif.royalsocietypublishing.org J R Soc Interface 10: 20121031
). Thus, the velocity within the range of Z w , L (Z w : local wall-normal axis) was excluded.
The near-wall mesh consisted of prismatic layers, and the size of the element in the wall-normal direction was set to be half of the velocity interval. The interpolation scheme used an inverse-distant algorithm. The computation was carried out using an in-house code by Matlab (MathWorks, Natick, MA, USA). The three-dimensional streamlines and contour plots were made using commercial software (Tecplot 360; Tecplot, Bellevue, WA, USA). WSS was obtained using an in-house Matlab code by setting local coordinates at each of the surface elements. The magnitude of WSS was calculated using a first-order approximation
with m being the dynamic viscosity of working fluid and U w being the magnitude of local wall-parallel fluid velocity (U w ¼ f(Z w )). A calculation point of Z 1 was set to be 100 mm, and the reference point of Z 0 to be zero, namely located on the luminal surface. For computation, the effect of relative velocity was assumed to be negligible, (U w (Z 0 ) ¼ 0), and non-slip conditions were applied. The rate of wall displacement was assumed to reach its maximum from early to mid-systole (a time period of 250 ms). The wall displacement was observed to be of the order of 500 mm. Then, the representative value of wall displacement rate was estimated to be 2 Â 10 23 m s
21
. The near-wall velocity was of the order of 0.05 m s 21 at the minimum. The ratio was found to be only 4 per cent thereby justifying excluding the effect of relative velocity. For analysing the spatial direction of WSS, a wall shear vector was defined as a unit vector as follows
where U w,X and U w,Y are a local wall-parallel velocity component ðU Figure 4 . In situ three-dimensional reconstruction of inner geometry of replica (a, fluorescent image; b, binarization; c, phase-locked overlapping; d, image dewarping; e, volume rendering; f, meshing). Figure 5 . Diagram of measurement error due to the overlapping of interrogation volume with the wall. In the left, the black dotted line and dots are a Cartesian coordinate system and the location of measured velocity in FS-SPIV, respectively. The red dotted line and dots denote prismatic elements for velocity interpolation and the location of interpolated velocity, respectively. The blue dotted line denotes the boundary of wall overlapping, and the overlapping length L was defined in the wall-normal direction with an origin at the centre of surface elements.
Measurement uncertainty
The uncertainty of modern PIV is of the order of 0.1 pixels [32] . Given an image magnification of 11.8 mm per pixel and a laser-pulse interval of 30 ms, a possible uncertainty was estimated to be the order of 0.04 m s
21
. For example, an aneurysmal jet with a velocity of 0.5 m s 21 gave a measurement uncertainty of 8 per cent. In SPIV, the measurement uncertainty of out-of-plane velocity is related to a camera angle u via a formula e r ¼ 1/tanu (¼ 1.7), which indicates a gain in error propagation from in-plane to outof-plane velocity [33] . WSS was associated with a greater uncertainty due to the wall location. The uncertainty of WSS was evaluated by the following formula, where D1 denotes the uncertainty of the wall location,
ð2:8Þ Formula (2.8) described that the WSS magnitude from formula (2.6) can vary due to the uncertainty of the reference calculation point (Z 1 + D1), which was caused by the uncertainty of determining the wall location:
and U w ðZ 1 þ D1Þ ¼ U w ðZ 1 Þ þ dU w dZ w D1:
9Þ
The following formula was assumed.
Given Z 1 ¼ 100 mm and D1 ¼ 15 mm ( §2.4), formula (2.11) shows that the uncertainty of the wall location increased that of WSS by +15%. Given the wall-parallel velocity of U w (Z 1 ) ¼ 0.5 m s 21 (corresponding to maximum), the measurement uncertainty of WSS reached the order of +20%. In the earlier-described analysis, a linear relation of U w as a function of Z w was assumed within a range of Z w , Z 1 ¼ 100 mm. In addition, the uncertainty of near-wall velocity was assumed to be similar to that of far-wall.
Results
Phase-locked mean flow structure
A three-dimensional flow structure in a patient-specific, fullscale and elastic-wall replica of cerebral artery with a small aneurysm, which was exactly the same physical size as that found 9 days before rupture, was measured by FS-SPIV. The streamlines from three viewing angles (a, b, c) were summarized in figures 6 and 7, and coloured by a phase-locked mean velocity ð UÞ. High-density streamlines in figure 6 rsif.royalsocietypublishing.org J R Soc Interface 10: 20121031 allowed us to understand the trajectory of the near-wall flow during mid-systole and late diastole, respectively. Figure 7 explains major flow elements during mid-systole. The inflow to the aneurysm was found to impinge and bifurcate at the distal side of the neck (figure 6a). During mid-systole, the bifurcating flow into the aneurysm became a wall jet that could be recognized by a locally elevated velocity of 0.5 m s
21
, whereas that of late diastole was observed to be more diffusive. As described in §3.2, flow transition from a laminar regime was induced only during mid-systole. The wall jet during mid-systole was not directed to an aneurysmal dome, which was rather occupied with a weak flow separated from the wall jet ( figure 6a(b) ). Then the separated flow was entrained into a vortex emerging in the outflow tract (figures 6a(a) and 7). The internal flow structure was found to be extremely complex (figure 7). The inflow and outflow intersected and formed a crossflow at the aneurysmal neck. The outflow was severely twisted and squeezed by a limited flow passage owing to inflow. The aneurysmal core vortex was found to be significantly distorted. A stagnant flow occupied the core region of aneurysm, which was found to be more organized during mid-systole than late diastole.
Wall shear stress and turbulent kinetic energy
WSS and TKE during mid-systole were compared with those of late diastole (figure 8). TKE was calculated on a planar basis, interpolated into a meshed geometry and mapped at each of the surface elements. The colour contours corresponded to its magnitude at a 100 mm inner side from the wall. WSS is a frictional force per unit area as defined by a vector quantity in a local coordinate, whereas the TKE is a mean kinetic energy per unit mass associated with fluctuating velocity as defined by a scalar quantity in a global coordinate.
During mid-systole, a locally elevated WSS of 25 Pa was observed in the immediate downstream of flow impingement, and this site was hereinafter referred to as a flow bifurcation. The bifurcating flow became a wall jet, resulting in a fairly uniform WSS along with the jet trajectory at approximately half magnitude to the maximum. The aneurysmal dome occupied by the separated flow exhibited a smaller WSS of the order of 3 Pa. The maximum TKE was observed to be localized around the flow impingement in the inflow region, demonstrating the substantial instability of the inflow impingement into bifurcation. It was concluded that the site of flow bifurcation was exposed to an elevated frictional force, which was not only characterized by magnitude alone, but also by a temporal fluctuation. During late diastole, the flow impingement was found to be diminished. The velocity fluctuation observed during mid-systole almost disappeared during late diastole. In other words, the velocity fluctuation was found to appear intermittently during a cardiac cycle. Consequently, the instability of aneurysmal flow was found to be induced only during mid-systole, and flow during late diastole became stabilized. Figure 9 shows WSS vectors with the colour contours of TKE during mid-systole. At the site of flow bifurcation, the spatial direction of WSS was found to be abruptly changed and form a radiational pattern, which is hereinafter termed as a divergence of WSS. The combination of temporal fluctuation and spatial divergence was characteristic of flow impingement. This unusual WSS was physically interpreted as a high-frequency-fluctuating tearing force. On the other hand, the elevated TKE was also observed at a PC junction in the outflow site. Although both sites seemed similar at first sight, the direction of WSS allowed us to notice differences. Unlike the divergent pattern at flow impingement in the inflow site, WSS vectors in the outflow site remained fairly parallel. Another finding was a rotating WSS found at the root of the aneurysmal vortex along with the outflow tract. Consequently, such WSS types can be characterized by three patterns: (i) divergent, (ii) parallel, and (iii) rotating.
Spatial and temporal distribution of turbulent kinetic energy
The spatial distribution of phase-locked mean velocity and TKE during mid-systole and late diastole is shown in figure 10 . The temporal variation of time-resolved instantaneous velocity at a selected point during mid-systole is shown in figure 11 . Instantaneous velocity plots during a time period of 30 ms were combined for 10 successive pulsatile cycles. Turbulent kinetic energy during mid-systole was confirmed to differ significantly from that of late diastole (figure 10). During mid-systole, TKE was also observed along with the shear layer of crossflow due to the intersection of inflow and outflow ( figure 10 (4) ). These velocity fluctuations observed during mid-systole almost disappeared during late diastole. In figure 11 , the mainstream of the parent artery (IC) exhibited a fairly stable velocity profile despite the highest mean velocity of approximately 0.8 m s
21
. The superimposed velocity fluctuation was sufficiently small and was similar to the measurement uncertainty (figure 11a). At the shear layer of crossflow, a large magnitude of TKE was observed as described earlier. Nonetheless, the temporal variation of instantaneous velocity was found to behave like a low-frequency periodic signal (figure 11b) unlike a high-frequency randomized signal at the flow bifurcation ( figure 11c ). Those observations demonstrated the presence of at least two types of flow instability in aneurysmal haemodynamics.
Discussion
Over the past decades, the advent of CFD in neurosurgery has increasingly unveiled aneurysmal haemodynamics on a patient-specific basis. Ruptured and unruptured aneurysms are retrospectively compared in an effort to establish a rupture risk predictor. However, the majority of studies accept the a priori assumption that aneurysmal haemodynamics can be fully represented by viscous laminar streams enclosed by a solid boundary. The assumption has been poorly verified owing to the limitation of experimental techniques. The recent finding of flow impingement often observed in ruptured aneurysms motivated us to investigate possible transition from a laminar regime. Unlike stationary pipe flows, free laminar jets exhibit a transition from a laminar regime at a fairly low Reynolds number. The critical Reynolds number (Re c,jet ) is of the order of 500 [18, 19] , which is comparable to the Reynolds number of major cerebral arteries (table 1). The orders of the critical Reynolds numbers in the case of impinging jets [35 -38] and wall jets [39] are in a similar range. In an early stage of research, pioneers reported the presence of flow instability using a glassmade idealized model of cerebral artery [40] , but there are few studies addressing the same subject on a patient-specific basis. For demonstrating the presence of transition and relating it to WSS, a three-dimensional, high-resolution and timeresolved measurement of instantaneous near-wall velocity is required. The lack of measurement resolution (space and time) forces us to ignore the presence of fluctuating velocity. The requirements of spatial and temporal resolutions to resolve the true figure of aneurysmal haemodynamics have to be studied. A guide to determine the spatial resolution at the near wall may be beneficial when considering the wall friction velocity. Given a wall friction velocity (u e ) and a characteristic wall coordinate (Z w þ ),
where r and n are the density and kinematic viscosity of fluid, respectively. The location of wall-nearest velocity (Z w ¼ 100 mm) was ensured to be within a range of Z w þ , 5, rsif.royalsocietypublishing.org J R Soc Interface 10: 20121031
confirming that the location fell within a viscous sublayer even if the flow was assumed to reach a fully turbulent regime [41] . The adopted setting ensured a sufficient spatial resolution to resolve boundary layers. Also, a temporal resolution of 500 Hz allowed us to track the variation of instantaneous velocity up to 250 Hz according to the Nyquist sampling theorem. According to their data, the transitional Reynolds number with a Womersley number of 3.2 is estimated to be similar to that of a stationary pipe flow. The earlier-mentioned analysis allowed us to judge that the mainstream of internal carotid artery fell within a laminar regime. In fact, the TKE failed to appear along with the mainstream. Transition from a laminar regime was concluded to be local in both space and time, and its appearance was triggered by flow impingement.
This study demonstrated that flow impingement and bifurcation yielded an unusual WSS characterized by a combination of temporal fluctuation and spatial divergence. The physical meaning of WSS could be interpreted as a high-frequency fluctuating tearing force. The fast Fourier transform analysis of velocity fluctuation was unsatisfactory owing to the small number of velocity samples, but the temporal variation of instantaneous velocity clearly delineated the presence of fluctuating velocity that exceeded the frequency range of the heart rate. Fluctuating velocity appeared only during midsystole and disappeared during late diastole. The intermittent appearance of velocity fluctuation emphasized the effect of excessive inertia triggering the hydrodynamic instability of the shear layer. The existence of the critical Reynolds number was suggested. Flow impingement is known to behave unstably due to the adverse pressure gradient and the shear layer. The flow instability was speculated to be affected by the downstream curvature of the aneurysmal wall. At the site of flow bifurcation, the trajectory of the jet stream took the nearest location to the wall. The thickness of the boundary layer was considerably narrowed, and then abruptly expanded due to the presence of the wall jet deviating from the aneurysmal wall ( figure 12 ). The thickening boundary layer caused an adverse pressure gradient. The near-wall flow at that site was diverted by the emergence of pressure elevation, thereby promoting the appearance of a high-frequency fluctuating velocity. The same mechanism was adopted for the increased TKE observed in the PC junction ( figure 9 ). Upon a sudden overexpansion of flow passage, the near-wall flow became unstable owing to the adverse pressure gradient.
Baek et al.
[45] performed a high-resolution CFD study using a spectral/hp element method assuming solid boundaries and demonstrated the presence of fluctuating velocity exceeding the frequency range of the heart rate. The corresponding site is observed to be exposed to a temporally and spatially varying WSS in magnitude and direction. Torii et al. [46] demonstrate that an aneurysmal inflow with an elastic boundary differs from that with a solid boundary. According to their data, the effect of wall motion and deformation appears to affect the inflow pattern, especially at the site of flow impingement. Flow impingement surely elevates the local pressure, but the elevation may be only a few percent above physiological blood pressure [47] . Assuming the jet velocity (u) to be 1 m s 21 , the pressure elevation can be only within a value of 1/2ru 2 % 500 Pa (3.8 mm Hg).
Although the value may be small compared with blood pressure, the pressure elevation acted locally on the wall, unlike blood pressure. The local pressure elevation may contribute to the greater extent of wall motion and deformation at that site. The role of fluid -structure coupling for the mechanism of flow transition deserves further investigations. A low-frequency periodic velocity oscillation was found at the intersection of inflow and outflow. The origin of flow instability may be intricate. The instability of crossflow is documented by Camussi et al. [48] . Hydrodynamic instability of the shear layer was suspected because of the possible presence of entrainment. On the other hand, the core region of the aneurysm may be exposed to lower pressure by the presence of a vortex, resulting in the undulating motion of the shear layer. As seen in streamlines, the aneurysm during midsystole experienced a spatially distorted vortical core. The formation of the vortex induced a radial pressure gradient, which was enlarged during mid-systole by the emergence of a strong tangential velocity. By considering that the flow instability not only appeared intermittently, but also with a periodical fluctuation, the effect of pressure-induced instability should be taken into account as a potential to trigger a low-frequency periodic velocity oscillation.
In the community of aneurysmal haemodynamics, the magnitude of WSS has been placed at the centre of a longstanding controversy in an attempt to clarify the relation with aneurysmal growth. In the field of cell biology, however, it is widely known that not only the magnitude but also the Table 1 . Comparison of dimensionless flow parameters. Being unable to be described by the original authors, the parenthetic values were calculated by given parameters. Re max , Re min , and Re mean represented the maximum, minimum, and mean Reynolds numbers of pulsatile flow, respectively. a indicated the Womersley number. MC and IC indicated middle cerebral and internal carotid arteries. LDV, CFD, and PIV were laser Doppler velocimetry, computational fluid dynamics, and particle image velocimetry, respectively. rsif.royalsocietypublishing.org J R Soc Interface 10: 20121031 temporal variation and spatial gradient of WSS are related to the varying response of endothelial cells. To date, little is known about the role of temporal variation and spatial gradient of WSS on aneurysmal growth and rupture. Flow impingement often observed in ruptured aneurysms is still phenomenological, which has to be mapped to the relevant wall parameters in an effort to better understand the relation with aneurysmal pathology. Therefore, the unsteady dynamics of near-wall flow has to be fully understood. The data in this study demonstrated that WSS was unable to be fully characterized by the magnitude alone, and the temporal frequency and spatial direction should be taken into consideration. The spatial direction of WSS was classified into (i) divergent, (ii) rotating, and (iii) parallel (figure 13). The site-dependent nature of the temporal and spatial WSS pattern may be associated with the possible presence of the epicentre of wall degradation, such as the damage to endothelial cells and the infiltration of inflammatory cells.
The pathophysiology of ruptured human cerebral aneurysms may be different from that of unruptured aneurysms. Kataoka et al. are most likely damaged, often with adherent blood cells, whereas most unruptured aneurysms are covered with normally shaped endothelial cells. Increased absence of endothelial cells in ruptured aneurysms was also observed by Frösen et al. [50] . The damage to endothelial cells may differ regionally owing to the site dependency of haemodynamics, but their correlation has yet to be investigated. In the study of atherogenesis, disturbed flow patterns, such as low flow, flow separation, gradients, flow reversal and turbulence are known to be associated with high rates of both endothelial cell proliferation and apoptosis, the failure of alignment in the flow direction, the increased expression of inflammatory mediators, and so on [51] . The response of endothelial cells exposed to shear stress is widely studied by varying the frequency, direction, gradient and net flux. Endothelial cells are capable of sensing these differences, and transmit intracellular signals accordingly to alter the cellular function [52] . Davies et al. [53] found that the fluctuating WSS induces endothelial cell turnover, which is markedly increased compared to laminar shear stress of a similar magnitude. Himburg et al. [54] studied the frequency-dependent response of endothelium to pulsatile shear stress and found that the proinflammatory response evoked at the higher frequency than that of heart rate is most pronounced in a reversing and oscillatory shear stress. Tardy et al. [55] investigated a reattaching flow behind a backward-facing step and found that endothelial cells migrate away from the flow separation via a proliferationmigration-loss cycle, which indicates the shear stress gradient may play a key role in the morphological remodelling of endothelium. These results support our rational speculation that flow impingement and bifurcation may become an epicentre of wall degradation by inducing damage to endothelial cells due to a combination of temporal fluctuation and spatial divergence of WSS.
Conclusion
To the best of our knowledge, this study for the first time experimentally demonstrated the presence of transition from a laminar regime in patient-specific aneurysmal haemodynamics. The three-dimensional, high-resolution and time-resolved analysis of near-wall velocity revealed the temporal and spatial dynamics of WSS in an unprecedented manner. Flow impingement was confirmed to promote a flow transition, thereby imposing a unique WSS with a combination of temporal fluctuation and spatial divergence. The physical interpretation of WSS can be represented by a high-frequency fluctuating tearing force. The frequency range of velocity fluctuation was confirmed to be far beyond that of the heart rate. Two types of velocity fluctuation, high-frequency-randomized and low-frequency-periodic fluctuations, were found to exist. The present results demonstrated that a priori assumption of treating the aneurysmal haemodynamics as a fully viscous laminar flow should be carefully verified. This study provided the first experimental data of unveiled three-dimensional complex aneurysmal haemodynamics enclosed by an elastic boundary. These data should be used as a benchmark to evaluate the assumption of CFD. Also, a further experimental research of flow unsteadiness should include other aneurysms with different anatomical locations and shapes.
